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In this paper, we demonstrate that the momentum relaxation time of photoexcited carriers in
wurtzite InN can be directly determined by investigating the rapid dephasing nature of coherent
upper-branched longitudinal optical phonon-plasmon coupling L+  mode. It is found that coherent
L+ mode is a plasmonlike vibration mode and its dephasing time reduces from 120 to 60 fs when
the photoexcited carrier density increases from 21017/cm3 to 21018/cm3. The measured
dephasing time is attributed to the momentum relaxation of photoexcited carriers, which is governed
by the screened Coulomb interaction among photoexcited and background carriers in the bulk
region of InN. © 2007 American Institute of Physics. DOI: 10.1063/1.2800270
INTRODUCTION
The superior electron transport properties, i.e., small ef-
fective mass, high mobility, and high drift velocity of wurtz-
ite InN, have turned this material into a very promising semi-
conductor material for applications in high-speed, high
frequency electronic devices.1–3 From the experimental side,
it has been confirmed that InN exhibits an extremely pro-
nounced transient electron transport response.3 Therefore, the
fundamental study of ultrafast dynamics in InN has become
increasingly important in order to fully exploit its advantages
for high-speed electronics. Among the recent time-resolved
studies of InN,3–10 they mainly explored the carrier drift
velocity,3 longitudinal optical LO phonon lifetime,4
electron-LO phonon emission rate,5 LO phonon-plasmon
coupling,6,7 hot carrier thermalization,8–10 and carrier
recombination10 in subpicosecond or picosecond time scale.
All these ultrafast phenomena indeed influence the static and
dynamic transport properties of InN. However, to character-
ize the transport property of semiconductors, it is always an
important issue to determine the averaged carrier momentum
relaxation time m in the framework of Boltzmann’s trans-
port equation.11
Conventionally, the averaged carrier momentum relax-
ation time m is retrieved by performing drift and Hall mo-
bility measurements. They are static regime techniques and
m is deduced indirectly. On the other hand, it is well
known that in polar semiconductors the electrostatic cou-
pling of LO phonons with the surrounding charge carriers so
called plasmon results in the formation of two LO phonon-
plasmon coupling modes, which can mediate the carrier-
lattice energy exchanges and thus play essential role in the
transport property of polar semiconductors.12 In our previous
works,6,7 we reported the observation of coherent A1LO
phonon-plasmon coupling LOPC modes in wurtzite InN
with time-resolved second-harmonic generation TRSHG.
Recently, we found that the detail analysis of these LOPC
modes can further reveal the initial carrier scattering dynam-
ics and intrinsic transport property of InN. Therefore, in this
paper we propose to directly measure m via investigating
the dynamics of these LOPC modes in the first one hundred
femtoseconds, as a result of addressing the dynamic but not
static transport property of InN.
SAMPLE PREPARATION
In this study, c-plane wurtzite InN epitaxial thin film
sample 1 was prepared by plasma-assisted molecular-beam
epitaxy PA-MBE. It was grown on Si 111 using the epi-
taxial AlN/-Si3N4 double buffer layer technique. Using this
growth technique, relaxed wurtzite InN and AlN epilayers
can be grown and the c-axis is normal to the Si111 sub-
strate plane. The InN epitaxial film is 2.5 m in thickness
and exhibits unintentional n-type doping. Its carrier concen-
tration and mobility were determined to be nH3.5
1018 cm−3 and e1200 cm2/V s by standard Hall mea-
surement.
In order to verify the generality of our experimental ob-
servation, we also performed TRSHG experiments on two
more InN samples samples 2 and 3. They were In-polar
wurtzite InN0001 films grown on commercial Ga-polar
GaN/sapphire templates by PA-MBE. The InN film thick-
nesses are 1.9 and 0.7 m for sample 2 and sample 3, re-
spectively. The main difference between these two samples is
that sample 3 was intentionally covered with a 2 nm low-
temperature grown GaN layer in the end of sample growth.
All of these InN epitaxial films exhibit unintentional n-type
doping nd=3–41018/cm3 and similar LOPC response,
which reflect their similar optical and electronic properties in
the bulk region of InN.
EXPERIMENT
The TRSHG experiments were performed using 800 nm,
82 MHz, 15 fs transform-limited laser pulses from a Ti:sap-
phire Kerr-lens mode-locked laser oscillator. In the experi-aElectronic mail: ymchang@ccms.ntu.edu.tw
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ment, the probe beam was derived from the pump beam with
a beam splitter and the pump beam was passed through a
delay line. Pump and probe pulses overlapped spatially in a
Gaussian spot with 10 m waist on the sample surface at
45° incident angle with a 6° angular separation in the
plane of incidence to separate the beams. The reflected
second-harmonic SH signal of the probe beam was detected
as a function of time delay between the pump and probe
pulses. The probed SH signal was measured in pin-pout con-
figuration and separated from the fundamental with color and
interference filters and detected with a low noise photomul-
tiplier tube PMT thermoelectric cooled to −10 °C during
the experiments. The pump-induced reflected SHG in the
probe beam, R2, was obtained by processing the PMT
output with a lock-in amplifier synchronized to the mechani-
cal chopping rate of the pump beam. Since the probing depth
of R2 is governed by the nonlinear optical phase match-
ing condition and the coherent phonon driving mechanism,
TRSHG only probes the nonlinear optical response at the
topmost few tens of nanometer of InN.6,7
EXPERIMENTAL RESULTS
Figure 1 shows the detailed analysis of a typical TRSHG
measurement on sample 1. The photoexcited carrier density
was set to 1.251018/cm3. A large oscillatory modulation in
the pump-induced R2 signal was extracted from the
background by taking the time differential of R2 and
shown in Fig. 1a. Conventionally, one can perform the Fou-
rier transform of this oscillatory component to reveal all the
coherent phonon modes as shown in Fig. 1b. Those peaks
are assigned to the lower-branch L−  LOPC mode at
13.3 THz, surface phonon at 16.2 THz, and L+ mode at
32.5 THz, respectively.6
However, in order to furthermore explore the dynamics
of these phonon modes, we developed a fitting method to
eliminate the ambiguity in determining the oscillatory ampli-
tude and dephasing time of coherent phonons when two or
more phonon modes coexist in the oscillatory component,
Sosct =dR2 /dt.13 The idea is to perform the curve
fitting not only in the temporal domain but also in the spec-
tral domain to enhance the fitting accuracy. First of all, the
oscillatory component, Sosct, is converted into the spectral
domain with window-gated Fourier transform WGFT
technique,14
Sf ,d = 	
0
1
SosctG,t,dei2ftdt, d 0,1 ,
1
where G , t ,d denotes the scanning Gaussian window:

2−1 exp−t− td2 / 22, d and  define the scanning
peak position and rms width of the gating window, and
0 ,1 is the temporal bounds of Sosct. Figure 1c shows
the surface plot of Sf ,d by performing WGFT on the os-
cillatory data shown in Fig. 1a. Here, the window param-
eters are set to 0=−0.043 ps, 1=1.106 ps, and 
=0.142 ps. The time evolution of each coherent phonon now
becomes visualizable with this WGFT analysis. One shall be
aware that the spectral resolution fFWHM=1/
8 ln 2 of
WGFT is governed by the designed gating window. fFWHM
is only 3 THz in Fig. 1c. Note that the ultimate spectral
resolution is fFWHM=1/
8 ln 21−00.4 THz in con-
ventional Fourier transform analysis, as shown in Fig. 1b.
The poor spectral resolution in WGFT analysis is a tradeoff
to maintain reasonable temporal resolution. In practice, the
width of the gating window needs to be carefully designed
by taking the temporal bound and the phonon dephasing time
T into consideration 	T	1−0, to obtain meaningful
WGFT analysis. For example, in Fig. 1c, L− mode
13.3 THz and surface phonon 16.2 THz cannot be clearly
resolved because fFWHM is only 3 THz. But this narrow
gating window is a necessity to resolve the dephasing dy-
namics of L+ mode 32.5 THz.
Figure 2 shows the fitting result by performing direct
curve fitting on the WGFT data, Sfph,d, for L− fph
=13.3 THz and L+ fph=32.5 THz modes, respectively.
The fitting function Ffph,d is defined as WGFT of the time
differential of the free-induced sinusoidal exponential decay
function,13
Ffph,d = 	
0
1 d
dt
Ae−t/T cos2fpht + 

G,t,dei2fphtdt, d 0,1 , 2
where A, T, and 
 are the fitting parameters: Oscillatory
amplitude, dephasing time, and initial phase of the selected
coherent phonon mode fph, respectively. We demonstrate that
this fitting method can achieve excellent curve fitting results
as shown in Figs. 2c and 2d. The dephasing times for
L− and L+ modes are determined to be 240 and 75 fs,
respectively. Note that the rise time of WGFT magnitude
curves shown in Figs. 2c and 2d is governed to the con-
volution of gating window and the oscillatory data and ef-
FIG. 1. Color online a Time differential curve of a typical TRSHG data
of wurtzite InN sample 1 in temporal domain; b the normalized Fourier
magnitude spectrum of the TRSHG curve; c WGFT of the TRSHG curve.
The scale bar indicates the spectral resolution of this WGFT analysis. The
color map is normalized to the maximum peak value.
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fected by the selection of rms width  of the gating win-
dow. Here, the  is chosen to be 0.426 and 0.142 ps for
L− and L+ modes, respectively.
DISCUSSION
The pump-power dependent TRSHG data6 were ana-
lyzed with the aforementioned fitting method to retrieve the
dephasing times of these LOPC modes. In Fig. 3, the dephas-
ing time is plotted as a function of the LOPC frequency. The
dephasing time of coherent L− mode slowly increases from
150 to 350 fs as its frequency approaches the A1TO
frequency. This trend agrees with the phononlike behavior of
L− mode reported in literature.15 In contrast, the dephasing
time of coherent L+ mode decreases from 120 to 60 fs
as the L+ frequency increases. Meanwhile, the L+ frequency
is proportional to the photoexcited carrier density.6,16 These
experimental results provide clear identification and charac-
terization of this L+ mode: It is a plasmonlike vibration
mode. The measured dephasing time can be directly related
to the scattering dynamics of photoexcited plasma and ap-
propriately assigned to the averaged momentum relaxation
time m of wurtzite InN.
It is worth noting that the dephasing time of coherent L+
mode increases as the photoexcited carrier density is low-
ered. The anticrossing of the A1LO phonon and plasmon
branches happens as the plasma density is around 8
1017/cm3, based on the dielectric response function calcu-
lation of wurtzite InN.6,7 At lower photoexcited carrier den-
sity, this L+ mode has a tendency to behave like A1LO
phonon thus carrier-LO phonon scattering is expected to par-
ticipate in its dephasing dynamics.5,17
In general, several scattering channels i.e., carrier-
carrier, carrier-phonon, and carrier-defect scattering can
make contribution to the dephasing of this coherent plasmon-
like L+ mode. Here we argue that the measured dephasing
time is mainly due to the carrier-carrier scattering among the
photoexcited carriers and their surrounding cold plasma
within the first one hundred femtoseconds right after the ir-
radiation of 800 nm or 1.56 eV, 15 fs laser pump pulse.
The scattering times of the other scattering channels are all
too slow to play a significant role in this rapid dephasing
process.8–10 To verify this argument, we investigate the rela-
tion between the obtained dephasing time and the photoex-
cited carrier density in more detail.
In Fig. 4, the dephasing time of plasmonlike L+ mode is
plotted as a function of the photoexcited carrier density
Nex. The solid line shows the best fitting result and reveals
that TNex
−0.27±0.07
. The exponent implies some important
information regarding the origin of the observed dephasing
dynamics. In 1990s, Shank and co-workers studied the pho-
toexcited carrier dynamics in GaAs with femtosecond four-
wave mixing experiments.18,19 They found that the momen-
tum of photoexcited carriers is rapidly redistributed via
carrier-carrier scattering in k-space and the exponent of the
FIG. 2. Color online a and b
WGFT analysis of the TRSHG curve
shown in Fig. 1a. The L− mode and
surface phonon mode are spectrally re-
solved by increasing the gating win-
dow width. The scale bar denotes the
spectral resolution. c and d The
red open squares show the WGFT
magnitude of L− and L+ modes as a
function of delay time, respectively.
The blue dash lines show the results of
direct curve fitting at the assigned
frequencies.
FIG. 3. Color online Measured dephasing times of coherent L+ and L−
modes vs the observed frequencies. The left side is for L− mode and the
right side for L+ mode. The two blue dash lines indicate the frequencies of
A1TO at 13.4 THz and A1LO at 17.6 THz.
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power law TNex
−1/3 reflects the momentum redistribution
of nonthermal equilibrium carriers via Coulomb screening in
a three-dimensional dielectric system. If one considers such a
three-dimensional free-electron gas system and neglects the
Coulomb screening effect, the carrier dynamics can be de-
scribed by the Drude model. This model predicts a carrier
interaction time which varies inversely with the particle den-
sity TNex
−1 and see Fig. 4.20 Deviation from this Nex
−1
dependence implies that it is necessary to modify the bare
electron Coulomb interaction. The observed Nex
−1/3 power
law indicates that carrier-carrier scattering is effectively re-
stricted to only nearest-neighbor interactions as a result of
the Coulomb screening in dielectric medium.19 In this sce-
nario the momentum redistribution of photoexcited carriers
is characterized by the scattering time for an electron to
move out a sphere with average radius rNex
−1/3
. The
scattering time and average radius r can be referred to the
averaged momentum relaxation time19 and the effective
screening length,21 respectively.
CONCLUSION
We investigated the dephasing time of coherent LO
phonon-plasmon coupling modes in wurtzite InN epitaxial
thin films. The lower-branch and upper-branch LOPC modes
show very different dephasing dynamics: The former is
A1LO phononlike and the latter is plasmonlike. The anti-
crossing of the A1LO phonon and plasmon branches hap-
pens as the plasma density is around 81017/cm3. It is
found that the dephasing time of coherent plasmon-like L+
mode is only few tens of femtoseconds and shows Nex
−1/3
dependence on the photoexcited carrier density. These ex-
perimental results suggest that the primary scattering mecha-
nism for such a rapid dephasing process is the screened Cou-
lomb interaction among the photoexcited and background
plasma. The measured dephasing time can be referred to the
averaged momentum relaxation time of photoexcited carriers
in wurtzite InN.
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